The effect of hydrostatic pressure on crystal field ͑CF͒ transitions of Nd-doped YVO 4 has been studied by luminescence spectroscopy at Tϭ5 K. Specifically, emissions from the 4 F 3/2 (1) and 4 F 3/2 (2) excited levels to the 4 I 9/2 and 4 I 11/2 multiplets have been measured within the stability range of the zircon-type phase ͑7.5 GPa͒. The observed redshift of the emissions with increasing pressure is attributed to the decrease of the Slater free-ion and spin-orbit parameters and an increase of the CF interaction as pressure increases. Results obtained for CF parameters are compared to those of Nd 3ϩ in YAsO 4 and YPO 4 . Satellite lines observed in YVO 4 :Nd can be assigned to Nd 3ϩ -Nd 3ϩ ion pairs coupled by ferromagnetic exchange interaction; the exchange coupling increases with pressure.
I. INTRODUCTION
Neodymium-doped yttrium orthovanadate (YVO 4 :Nd 3ϩ ) is used as laser-active material in diode-pumped microchip lasers. The Nd 3ϩ ions have a strong absorption band around 0.81 m and intense emission bands in the 1 and 1.3 m range. 1 Continuous-wave visible laser emission in the three fundamental colors red, green, and blue has been reported using YVO 4 :Nd 3ϩ in combination with strontium-barium niobate nonlinear crystals; such systems are of interest for laser-based high brightness displays. 2 In zircon-type YVO 4 and the isostructural compounds YPO 4 and YAsO 4 , the Nd 3ϩ ions show similar properties. The Y 3ϩ host lattice ions, for which Nd 3ϩ substitutes, are located in a D 2d site symmetry and are eightfold coordinated by oxygen. The tetragonal structure consists of chains of alternating edge-sharing YO 8 dodecahedra and M O 4 tetrahedra ͑MϭV,P,As͒ running parallel to the c axis. Lowtemperature luminescence spectra of Nd 3ϩ crystal field ͑CF͒ transitions in doped YVO 4 , YPO 4 , and YAsO 4 single crystals have been reported and, using the overlap model, 3 the five nonzero CF Hamiltonian parameters (B 20, B 40 , B 44 , B 60 , and B 64 ) have been calculated. 4 A particular 2Sϩ1 L J state of the Nd 3ϩ free ion on a D 2d site splits into a series of (Jϩ1/2) Kramers doublets ͑labeled 1,2,...͒ by the CF Hamiltonian. Hence, the CF interaction gives rise to five Stark levels ͑Kramers doublets͒ of the 4 I 9/2 ground state, six levels of the 4 I 11/2 excited state, and two levels for the 4 F 3/2 state ͑see Fig. 1͒ . In zircon-type YMO 4 , changing M from V to P or As results in a reduction of the unit cell parameters, a decrease of the average Y-O distance, and changes in O-Y-O bond angles. This leads to marked changes in CF level energies and their corresponding CF parameters. 4 High-resolution absorption and luminescence studies of YVO 4 :Nd 3ϩ have revealed satellites of the 4 F 3/2 -4 I 9/2 transitions, which depend on Nd 3ϩ concentration. The satellites are assigned to several types of ferromagnetically coupled Nd 3ϩ pairs. 5 Zeeman effect studies have further confirmed lifting of the Kramers doublet degeneracies with various values of the exchange coupling J i ranging from 0.8 to 4.9 cm Ϫ1 . 6, 7 An interesting aspect of coupled-pair luminescence is that it may give rise to hysteresis and intrinsic bistability resulting from a cooperative effect due to ion-ion coupling within dimers. 8 In YLiF 4 :Nd 3ϩ , a scheelite compound with eightcoordinated Nd sites, the CF transitions have been studied recently as a function of hydrostatic pressure at Tϭ5 K. 9 Most of the isolated ion emissions show a red shift with increasing pressure resulting from a decrease of the Slater 
II. EXPERIMENTAL DETAILS
The YVO 4 crystals used in this study were single crystals with 0.58% Nd concentration grown by the Czochralski method. A single crystal sample (100 mϫ100 m ϫ30 m) was inserted in a diamond-anvil cell ͑DAC͒. Lowtemperature measurements (Tϭ5 K) were performed in a continuous-flow helium cryostat using the 5145 Å line of an Ar ϩ -ion laser for excitation of the Nd 3ϩ ions luminescence. Helium was used as pressure transmitting medium to ensure hydrostatic conditions. Pressure changes were always performed above the helium melting temperature in order to prevent the built-up of nonhydrostatic stresses. The pressure was measured by the ruby luminescence method 12 Figure 2͑a͒ shows the luminescence spectra for the 4 F 3/2 → 4 I 9/2 transitions at different pressures. According to the level scheme ͑see Fig. 1͒ ten lines would be expected ͑as-suming that the second Stark level of 4 F 3/2 is populated at low temperatures͒. Nine peaks and their shifts with pressure were actually observed. In Fig. 2͑b͒ we present the pressure dependence of the emission energies which, in accordance with Fig. 1 
(1). Our assignment of the R(1)-X(4) and R(2)-X(4)
is further supported by the pressure dependence found for the measured R(1)-X(4) emission, as can be observed in Table I . Figure 3͑a͒ shows the luminescence spectra of the 4 F 3/2 → 4 I 11/2 transitions at different pressures. Twelve lines are expected and observed in this case. In Fig. 3͑b͒ we present the pressure dependence of the corresponding energies, denoted as R(i)-Y ( j), iϭ1,2 and jϭ1 -6. Again, all bands show a red shift with increasing pressure, and all lines can be separated into two groups according to their different pressure coefficients.
The observed ambient pressure energies and pressure coefficients of the 4 F 3/2 → 4 I 9/2 and 4 F 3/2 → 4 I 11/2 transitions are summarized in Table I . The zero-pressure frequencies and the pressure coefficients of all the 4 I J (n) CF levels with J ϭ9/2 and 11/2, measured relative to the ground state, are Table. Photoluminescence energies and linear pressure coefficients correspond to fits of peak maxima using equation E( P)ϭE 0 ϩa 1 P. (6) 9184.41͑6͒ Ϫ10.65(4)
Kramers Doublet
Kramers Doublet 4 I J ͑n͒ are of similar magnitude in the two compounds for both the 4 I 9/2 and 4 I 11/2 levels. In general, larger shifts of the transition frequencies are expected for the more compressible materials, i.e., with smaller bulk moduli. 22 The bulk modulus of YVO 4 is not known well but its value can be estimated by comparison to DyVO 4 to be about 160 GPa, 23 as compared to only 80 GPa for YLiF 4 . 24 This means the pressure coefficients do not scale with compressibility of the two materials. Therefore, we think that the very small pressure coefficient of the 4 F 3/2 (1) level in YLiF 4 as compared to the pressure coefficients of the 4 F 3/2 levels in YVO 4 , could indicate a near cancellation of pressure effects on the Slater free-ion parameters, spin-orbit parameters, and crystal field strength affecting the 4 F 3/2 Stark levels in YLiF 4 , which seems not to occur in YVO 4 .
B. Fit of the CF Hamiltonian
In order to gain more insight in the physics underlying the behavior of the crystal field effects in YVO 4 :Nd 3ϩ , we have fitted the experimentally measured 4 I 9/2 and 4 I 11/2 CF levels to the CF Hamiltonian in the weak field limit, written in terms of one-electron irreducible tensor operators [25] [26] [27] 
Here, C q k (i) represents the qth component of a spherical tensor operator of rank k, and B kq the corresponding CF parameter. In tetragonal symmetry, only five CF parameters B 20 , B 40 , B 44 , B 60 , and B 64 , are nonzero. In order to calculate these values at different pressures, we have determined the barycenter energies of the 2Sϩ1 L J multiplets in an intermediate coupling scheme at each pressure and afterwards we have calculated the perturbations of these energies by the crystal field. In our calculation, we have diagonalized the matrix of the operator (H CF ) within the 4 I: 9/2, 11/2, 13/2, 15/2 multiplets including their J mixing. Since our measurements were restricted to the 9/2 and 11/2 levels, their free-ion energies were allowed to vary while those of the 13/2 and 15/2 levels were kept fixed in the fitting process. Even though the J mixing was limited in our calculations to the 4 I term and did not include higher energy terms, the overall predicted variation under pressure of the CF parameters should not be significantly affected. 28 Also, the CF parameters were determined by solving numerically the inverse secular problem with the initial values taken from Ref. 4 . Explicit variation, as a function of pressure, of the free ion electrostatic parameters could not be accounted for in our procedure. Actually, many more level evolutions under pressure are required to describe a Hamiltonian that includes the centers of gravity of the multiplets and the CF splittings. Nevertheless, the frequency redshift with increasing pressure of the detected levels center of gravity reflects the nephelauxetic effect and its corresponding reduction of the Slater and spin-orbit coupling parameters. 29 Table II summarizes the best fit results for different pressures. The measured Nd 3ϩ CF energies compare well with the calculated energies. This is demonstrated in Fig. 4 . The B 20 parameter is the most sensitive one to a change in pressure, indicating that long-range electrostatic interactions are quite sensitive to pressure. Unfortunately, the lack of highpressure structural data for YVO 4 prevents the ab initio calculation of the B 20 parameter and the use of the superposi- 4 for fitting. For both compounds, the experimentally observed Nd 3ϩ CF levels are well reproduced by the CF parameters obtained from Eq. ͑1͒ and given in Table II . The CF parameters essentially agree with those previously reported. 4 They seem to be extremely sensitive to the local environment as confirmed by the variations of the parallel and perpendicular g factors. 4, 32 Obviously, the evolution under pressure of the Nd 3ϩ CF parameters in YVO 4 does not tend towards the YAsO 4 :Nd 3ϩ or YPO 4 :Nd 3ϩ parameters. Our results suggest that volume changes due to pressure and chemical composition affect CF parameters differently in the case of the zircon structure, in contrast to what is observed for spinel-and garnet-type hosts. 33 The difference between the three compounds is manifest if we compare the calculated crystal field strengths in YVO 4 and YAsO 4 and YPO 4 at zero pressure and compare the evolution of the crystal field strength with increasing pressure. The calculation with data from Table II yields 
C. Satellites
At zero pressure, the luminescence spectrum of the 4 F 3/2 (1)→ 4 I 9/2 (1) ͑ground state͒ transition consists of a central band at 11 366.80 cm Ϫ1 ͑the isolated-ion emission͒ and satellites which have been attributed to different types of ferromagnetically coupled Nd 3ϩ -Nd 3ϩ pairs with exchange coupling values J 1 ϭ0.8 cm Ϫ1 , J 2 ϭ1.6 cm Ϫ1 , J 3 ϭ2.7 cm Ϫ1 , and J 4 ϭ4.9 cm Ϫ1 . 5 For each ground-state exchange-coupled pair, a doublet of lines is expected at energies EϩJ i /2 and EϪ3J i /2, where E refers to the isolatedion transition and J i Ͼ0 represents a ferromagnetic Nd 3ϩ -Nd 3ϩ pair exchange energy. In Fig. 5͑a͒ we show an expanded view of the 4 On the various features seen in the spectra of Fig. 5͑a͒ we comment as follows: ͑1͒ The band marked ''site 2'' is attributed to a different Nd 3ϩ site. This is in agreement with previous Zeeman effect experiments 6 and with selective laser excitation and emission experiments. 35 Both experiments show that there are at least three types of Nd 3ϩ sites in YVO 4 , with one emission at the position expected for the ''3/2 J 4 '' satellite. ͑2͒ The band marked by a question mark was not observed in previous luminescence studies. We do not rule out that it is a pair-interaction satellite of the main line, but its rather large pressure shift ͑relative to the main line͒ may point to a different origin. ͑3͒ Very clearly, a small peak on the high frequency side of the main line coincides with a spectral feature which was attributed to the ''1/2 J 3 '' satellite in Ref. 5 . ͑4͒ Similarly, the shoulder on the lowfrequency side of the main line appears to be related to the ''3/2 J 1 '' satellite. The shoulder is sufficiently pronounced such that the energy of the underlying peak can be determined through deconvolution. ͑5͒ The ''3/2 J 2 '' and ''3/2 J 3 '' satellites are not clearly observed in our spectra, and the evolution of the ''3/2 J 4 '' satellite is masked by the ''site 2'' band. ͑6͒ The ''1/2 J 1 '' and ''1/2 J 2 '' satellites are not resolved here because of overlap with the main line and limited resolution. Their pressure shift may contribute to the apparent broadening of the main line with increasing pressure.
In Fig. 5͑b͒ we show the energies of the various side bands ͑measured relative to the isolated ion emission and denoted ⌬ in the following͒ as a function of pressure. The numerical values of the side band frequencies at ambient pressure and their pressure coefficients are listed in Table III . The splitting between the two assigned satellites and the isolated-ion emission increases with pressure. This behavior is similar to that found in Nd-doped YLiF 4 .
11 At ambient pressure, the coupling between Nd 3ϩ ion pairs is ferromagnetic and the increase of the energy splittings with pressure indicates that this coupling is significantly enhanced under pressure. The positive character of dJ i /dP for the ''3/2 J 1 '' and ''1/2 J 3 '' satellites indicates that the ferromagnetic coupling between the Nd 3ϩ ions conserves its character under pressure. This means that the distances of the Nd 3ϩ -Nd 3ϩ coupled ions responsible for these satellites are kept in the whole pressure range above the minimum value required for ferromagnetic exchange integrals. If the unidentified side band in YVO 4 would originate from magnetically coupled ion pairs, it would indicate a nonlinear increase of the corresponding exchange coupling with increasing pressure. This could be related to a resonance effect in the Nd 3ϩ -Nd 3ϩ distance responsible for this satellite ͑with the rapid increase of the ferromagnetic exchange integrals close to the maximum͒.
Finally, we turn to the 4 F 3/2 (1)→ 4 I 11/2 (1) CF transition in YVO 4 . This transition is located at 9399.76 cm Ϫ1 ͑1064 nm͒ at ambient pressure and is one of the main laser lines in Nd-doped YVO 4 . Two additional bands near the laser emission line were observed, at all pressures, on both sides of the isolated-ion line as in YLiF 4 . Related information is collected in Table III . These bands reflect the Nd 3ϩ -Nd 3ϩ exchange interaction on the excited CF multiplet that was not considered in the ferromagnetic exchange interaction model of Ref. 4 . On the basis of the energy splittings of these satellite lines, it can be assumed that both satellites correspond to the same doublet with J 2 ϭ1.6 cm Ϫ1 . These two satellites show an increase of the energy splitting with respect to the isolated-ion line as pressure increases, similarly to the 4 Our results show that chemical composition and hydrostatic pressures affect differently the CF parameters in the case of the zircon structure, which is in contrast to the spinels and garnets. We find that the increase of the crystal field interaction with pressure is similar in YVO 4 :Nd 3ϩ and YLiF 4 :Nd 3ϩ . The larger pressure coefficients for photoluminescence transitions in YVO 4 as compared to those of YLiF 4 can be attributed to a larger decrease of the Slater and spin-orbit parameters, which may be related to a stronger increase of the covalency with increasing pressure on the oxide compound. Regarding the satellites, their behavior indicates a significant increase of the Nd 3ϩ -Nd 3ϩ ferromagnetic exchange interaction as the distance between the pairs decreases. We have also observed a splitting of the 4 F 3/2 (1) multiplet as a result of the Nd 3ϩ -Nd 3ϩ pairs exchange interaction.
